To avoid chick culling, meat production can be carried out with either dual-purpose hybrids, where both genders are used, or layer males. However, comparative in-depth studies are lacking. The growth and slaughter performance and the meat quality of 2 commercial dualpurpose hybrids (Lohmann Dual, LD; Novogen Dual, ND) and a layer hybrid (Lohmann Brown, LB) were compared with slow-growing broilers (Hubbard S757, HU), as used for organic production. The growth periods tested were 67, 84, and 126 D (the LB only). A total of 1,350 birds per hybrid were kept in 5 compartments of 20 m 2 . In a subsample, the carcass and meat quality were analyzed. The average daily gains and feed intake were quite similar in the ND, LD, and HU and were lower in the LB. Across 67 D, the FCR (kg feed/kg gain) of the HU was 2.62 compared with 2.81 and 2.83 in the ND and LD, respectively. The FCR of the LB was much lower (3.61). The breast angle, an indicator of the keel bone's prominence, was largest in the HU, similar to that of the ND and the LD, and smallest in the LB. The breast meat proportions were always larger in the HU than in the ND and the LD at 21, 18, and 17%, respectively, and smallest in the LB (15%). The breast meat from the dual-purpose hybrids was similar, or slightly superior, to the HU in water-holding capacity and shear force and slightly inferior in intramuscular fat content. The LB meat did not differ much from that of the other hybrids. Growth for 126 D improved the carcass quality in the LB. In conclusion, both dualpurpose hybrids were competitive with slow-growing broilers, whereas this was not the case for the layer cockerels.
DESCRIPTION OF PROBLEM
In the global poultry sector, the production of meat and eggs is extremely specialized, and specific hybrids are used. Different from meat production, where birds of both genders are grown, males are useless in egg production. As laying performance and meat accretion are antagonistic traits, the productivity of male laying cockerels is low [1] [2] [3] . Thus, they are culled immediately after hatching, with very few exceptions. This causes ethical debates among the public [4] . Although currently there is no legal ban, different solutions for avoiding chick culling have been discussed. In addition to in ovo sexing, which is not yet ready for use in poultry production [5] , the most promising alternatives are the introduction of dual-purpose systems (where females are designated for egg production and males for meat production [6] ) or growing of male layers, as practiced in organic poultry production in Austria [7] . As such hybrids are expected to be incapable of competing with fast-growing broilers, both alternatives are primarily attractive for organic poultry meat production, where birds are deliberately grown at a much slower growth rate which is realized by using different broiler hybrids [8] . Consumers purchasing organic foods would also be the clientele for such production systems because they are likely to be willing to buy foods from dual-purpose poultry and to pay a premium price [9] . The first performance tests of commercial dual-purpose hybrids, recently developed by global companies in response to public demand, focused on the general growth performance and the carcass quality [6] ; others investigated crossbreds obtained from smallscale breeders [10] . A controlled study [11] with birds kept in pairs in large cages under optimal housing conditions showed that birds of the dual-purpose hybrid, Lohmann Dual (LD), were competitive with slow-growing broilers in some, but not all, growth and carcass performance traits. However, no comparisons between commercial dual-purpose hybrids have been reported in peer-refereed journals. It also remains unclear whether the results would be similar when scaled up to large flocks kept in common floor housing. Finally, information about whether the traits critical for competitiveness are improved when the growth period is prolonged is lacking.
The hypotheses tested in the present study in a floor housing system were the following: (1) commercial dual-purpose hybrids are competitive with slow-growing broilers in growth and slaughter performance, as well as meat quality, especially when grown for a longer period; (2) commercial dual-purpose hybrids clearly differ in these traits; (3) layer hybrid cockerels cannot compete in these traits with broilers and dualpurpose poultry, but prolonged growth substantially improves the layer hybrid cockerels' carcass quality.
MATERIAL AND METHODS

Birds, Housing, and Experimental Conditions
The experiment was approved by the Cantonal Veterinary Office of Berne (approval no. BE 49/16). A total of 5,400 birds of 4 (Table 1) was offered, followed by a pelleted grower diet. The birds had unrestricted access to feed and water. The BW and ADFI were determined at the end of each experimental week for each compartment. For determining BW, an automatic poultry weighing system (model Swing 20 [17] ) was used with a weighing platform freely hanging above the floor in each compartment. During the first 3 D, the birds had light for 24 h. Afterward, the photoperiod was limited to natural daylight (about 15 h/D at the time of the experiment). The initial temperature of 33 C was gradually reduced to 20 C until day 21 and remained unchanged thereafter. The health status of the flock was monitored daily, and mortality was assessed.
Growth and Slaughter
Two growth periods of different lengths were tested for all hybrids. The growth periods were either standard (67 D, fulfilling the $9 wk limit as stated in the Swiss guidelines for organic production; [8] ) or prolonged to 84 D (called "prolonged growth"). In addition, 1 group of male layer cockerels was grown for 126 D as was also done by Gerken et al. [1] . Shortly before slaughter, the final BW was recorded after 11 h of fasting. Slaughter was accomplished in a smallscale commercial abattoir [18] . On day 67, birds from 2 of the 5 compartments per hybrid were slaughtered; on day 84, birds from the remaining 3 compartments were slaughtered; and on day 126, the remaining male layers were slaughtered. At slaughter, the birds were eviscerated. The head, neck, feet, and abdominal fat were removed. After slaughter, the carcasses were stored at 4 C for 24 h, when the carcass weight was measured.
Carcass and Meat Quality Analysis
For determining the carcass quality, 24 birds per hybrid and per growth period were used. The dressing percentage was calculated as the ratio of the cold carcass weight to the BW. However, as birds lost their foot ring during scalding, the carcass weights could not be related to the BW. Thus, the dressing percentage could only be estimated from the mean carcass weight and the mean BW. At 24 h postmortem, the skin color was measured on top of the left breast at 3 places using a chromameter CR-300 [19] , operating with the L* (lightness) a* (redness) b* (yellowness) color space. The breast angle, which describes the visual keel bone appearance on the carcass, was determined with a protractor in the middle of the keel bone. The carcasses were dissected by the same person into breast meat (without skin and adherent fat), whole legs, and wings. The different body parts were weighed individually. The maximum thickness of the left breast meat and the right leg, as well as the breast meat length, were measured. The meat quality was determined in a random sample of 10 of the 24 chickens per hybrid and per growth period. Directly after the dissection, the meat color was analyzed in the left breast meat with the same method as for the skin color. Then, the pH 24h was measured with a pH meter (model Testo 205 [20] ). The left leg was further dissected into meat, bones, and the remainder (the skin, cartilage, and fat tissue). The breast and leg meat (both left side) were separately homogenized with a mix chopper (La Moulinette [21] ), and the homogenates, as well as the entire right breast, were stored at 220 C until further analysis. Thaw loss was determined by weighing the breast meat before freezing and after thawing overnight at 4 C. The thawed samples were cooked to a core temperature of 74 C in a water bath (model SW 22 Shaking Water Bath [22] ) in sealed bags. After cooling in cold tap water for 5 min, the samples were weighed again to calculate the cooking loss. Four to 11 strips (depending on the breast meat size) of 10 3 10 mm were cut with a double knife in the direction of the fibers. On those samples, the maximum shear force was determined with a Volodkevich [23] device mounted on a texture analyzer (model ProLine tabletop machine Z005 [24] ) using testXpertII V3.61 software [24] . The homogenized meat and the diets were analyzed for proximate contents. Dry matter was assessed with an automatic thermogravimetric device (model TGA-701 [25]). Crude protein was determined as 6. 
Statistical Analysis
Data were subjected to ANOVA using the GLM procedure of SAS, version 9.4 [28] . Chicken hybrid, growth period, and their interaction were considered fixed effects. A second model was used to compare only data for the male layers grown for 3 different periods. Growth performance data were available only for entire compartments (n = 5 per hybrid for 67 D and n = 3 for 84 D). Carcass characteristics and meat quality traits were based on n = 24 and n = 10 birds per hybrid per growth period, respectively. Multiple comparisons among least square means were performed with the Tukey-Kramer option that considered P , 0.05 statistically significant. Values within a row with different superscripts differ significantly at P , 0.05. x-z Values within a row and within Lohmann Brown with different superscripts differ significantly at P , 0.05. 1 Values measured after 126 D in Lohmann Brown were evaluated separately for all three growth periods with data on SEM and P-values not displayed. The 126 D values were not included in the model applied over all chicken hybrids for 67 and 84 D. 2 Average of the compartments; n = 5 for 67 D and n = 3 for 84 D of growth. Values within a row with different superscripts differ significantly at P , 0.05. x-z Values within a row and within Lohmann Brown with different superscripts differ significantly at P , 0.05. 1 Values measured after 126 D in Lohmann Brown were evaluated separately for all three growth periods with data on SEM and P-values not displayed. The 126 D values were not included in the model applied over all chicken hybrids for 67 and 84 D. 2 Determined with the Volodkevich [23] device.
RESULTS AND DISCUSSION
Growth Performance
The ND had lower (P , 0.05) ADG compared with the LD within 67 D, but not within 84 D, of growth ( Table 2) . The ADG were similar in the HU and the LD for both growth periods. Feed intake during 67 D was about 68 g/ D for the HU, ND, and LD and increased to an average of 80 g/D during 84 D. The low mortality rate in the present experiment (0.9%) is likely the result of the slow growth and the resulting better health status [29] . With a standard growth period of 9 wk, the ND, the LD, and the HU remained slightly below the upper limit of 27.5 g in the ADG, as defined by the Swiss organic regulations [8] . This indicates that all 3 hybrids were suitable for this production system. The birds in the present study had access only to a protected outdoor area, but not to a pasture, although it is prescribed by the organic regulations [8] . Fanatico et al. [30] reported that the final BW of slow-growing broilers reared indoors or with outdoor access does not differ. Therefore, a similar final BW could be expected if the birds had additional access to a pasture. Different from growth, the dual-purpose hybrids were not fully competitive with the HU in the FCR. Schmidt et al. [6] reported that the ND had a lower growth performance than the LD, and both could not compete with slow-growing broilers in this respect. This was not the case in the present study, where these 3 hybrids were similar. The growth performance of the LD was lower than that reported by Schmidt et al. [6] , but they performed similar to the Lohmann Dual hybrid as reported by Kaufmann et al. [31] . The possible decrease with observation years ( [6] vs. the present study) in the growth performance of the LD hybrids could be the result of a change in the selection goal of the breeding company in favor of egg yield.
Compared with the 3 other hybrids investigated in the present study, the performance of the LB was as poor as described in previous investigations [1, 2, 32] . Irrespective of the length of the growth period, the LB had the smallest (P , 0.05) ADG, which was lower by 40 and 32% than the average of all other hybrids after 67 and 84 D, respectively. This poor performance was also associated with an inferior FCR, which is of concern when the diet is mainly composed of food-grade components. Additionally, in the first week of the experiment, the LB were observed to exhibit a particular feed wastage behavior. Therefore, the values for the ADFI and feed-togain ratios might have been overestimated for LB in the standard growth period. This indicates that the standard feeders used in farm practice might have to be modified to prevent feed wastage when LB are grown.
Carcass Characteristics
The BW at slaughter and the carcass weights were similar in the HU, ND, and LD during the growth period and were clearly lighter (P , 0.05) in the LB ( Table 3 ). The carcasses were about 40% heavier (P , 0.05) subsequent to prolonged growth. The dressing percentage increased, on average, with prolonged vs. standard growth period from 62 to 68% across all hybrids. Regardless of the growth period, the breast angle was largest (P , 0.05) in the HU, followed by the ND and the LD, and smallest in the LB (123, 102/101, and 81 , respectively). Prolonged growth increased (P , 0.05) the breast angle in all hybrids by 7 , on average. There was a similar gradient between the hybrids (P , 0.05) in the thickness, length, and weight of the breast meat. Despite the larger (P , 0.05) leg weight and thickness with prolonged growth, the leg weights were still smaller (P , 0.05) in LB than in the other hybrids after 67 D of growth. The leg weight and thickness were larger (P , 0.05) after 84 D than 67 D in all hybrids, but this to a different degree in the individual hybrids (interaction P , 0.01). The breast meat proportion (g/kg carcass) was largest (P , 0.05) in the HU (21%), followed by the ND (18%), the LD (17%), and the LB (15%) (P , 0.05) and did not change with age. The leg proportion was smallest (P , 0.05) in the HU, followed by the LB, the ND, and then the LD. The leg proportion increased (P , 0.05) in all hybrids by 3% on average, with prolonged growth. With prolonged growth, the larger size of the leg and breast meat corresponded with the increase in BW.
These results show that the BW and carcass weights were in the range suitable for selling entire carcasses after 67 D of growth (1530 g; [33] ). Prolonged vs. standard growth period did not cause additional differences between the dual-purpose hybrids and the HU, but the extra growth time elevated the BW and carcass weights to the levels of birds commonly used for dissection and marketing the valuable cuts separately [33] . Therefore, varying the slaughter age would allow a response to demands by retailers, if these standards are also required for organic chickens. Carcass appearance, breast meat size, and its proportion of the carcass are additional important marketing criteria, especially in Europe, as breast meat is the most valuable cut [34] . Both dual-purpose hybrids were not competitive with the HU in this aspect. In addition, when the birds are sold as entire carcasses, a smaller breast proportion is disadvantageous, as it results in an even more visible keel bone and thus, in a less attractive carcass. Growth for 84 D clearly increased the breast meat and leg weights in the HU and dualpurpose hybrids in the present study, indicating that this might be a good strategy for improving the yield and acceptance of the valuable cuts. These findings are consistent with those of Murawska and Bochno [32] who reported increasing leg yields with increasing age. In the present study, the 2 commercial dualpurpose hybrids were similar in almost all carcass quality criteria. Mueller et al. [11] compared LD with 2 traditional dual-purpose hybrids, Belgian Malines and Schweizerhuhn, where the LD outcompeted the 2 others by far in performance and carcass quality, showing that the traditional hybrids are not real alternatives to commercial dual-purpose hybrids. The LB birds had the most prominent keel bone of all hybrids, which is consistent with the smallest breast meat of these birds.
Skin color is another important trait for the purchase decision and is affected by various factors, including bird genetics [2, 35] . European consumers prefer a pale, slightly reddish chicken skin [36] , similar to the birds of the present study. Prolonged growth led to paler and less reddish skins in the dual-purpose hybrids and the HU birds. Different from the large variability observed in commercial conditions [37] , the skin color was homogenous among the birds in the present study.
Meat Quality
The pH 24h of the breast meat was increased (P , 0.05) with prolonged growth (Table 4) . On day 67, the breast meat of the HU showed the largest (P , 0.05) cooking loss, and the LB the smallest; the ND and the LD were in between. The cooking loss increased (P , 0.05) with prolonged growth, but the chicken hybrid differences (P , 0.05) were restricted to those between the LB (small) and the HU (large). Overall, the shear force was largest (P , 0.05) in the LB (11.4 N) , smallest in the LD (9.80 N), and intermediate in the HU and the ND (10.4 and 10.2 N, respectively). Prolonged growth increased (P , 0.05) the shear force of the HU breast meat, but not that of the other hybrids (interaction, P , 0.05). For the LB, the prolonged growth resulted in a higher (P , 0.05) protein content of the breast meat, whereas the protein content was the lowest (P , 0.05) after 67 D of growth. The protein content of the ND breast meat was in between, and the breast meat of all other hybrids had a similar protein content. The IMF content of the breast meat was lower (P , 0.05) in the LD than in the HU and the LB, with the ND in between. There was a decrease (P , 0.05) in the IMF content with prolonged growth in the LB, but not in the other hybrids (interaction, P , 0.001). In contrast, prolonged growth increased the IMF of the leg meat only in the HU (interaction, P , 0.001).
The dual-purpose hybrids were similar to the HU in physicochemical meat quality. The pH of the breast meat measured 24 h postmortem was low, according to Carvalho et al.'s (2017) classification [38] . Especially the meat of the HU grown for 67 D seems to have expressed the pale, soft, and exudative (PSE) condition, in which the water-holding capacity could be impaired. However, the thaw and cooking losses in the HU and the dual-purpose hybrids remained far below the acceptable losses of 10 and 26%, respectively [39] . A possible reason for the differences in cooking loss between the hybrids and ages could be the different breast meat dimensions. Larger breast meat needs a longer cooking time, and consequently, more moisture is lost during cooking [40] . As breast meat is commonly cooked as a whole, this result reflects consumers' perception. Color measurements are also often 192 taken into account as descriptors of PSE meat [41, 42] , because paleness can be attributed to the denaturation of sarcoplasmic proteins, which increase light scattering in the muscle [41] . Most of the L* values obtained in the present study ranged between 48 and 53, which is considered normal [43] . Together with the traits discussed, there is no indication that the PSE condition occurred in the meat. The LB meat had a lower cooking loss, and the color was lighter and less red after 67 D of growth than that of the HU meat.
The shear force (which is used to describe meat tenderness) increased in the meat of HU, but not ND and LD, with prolonged growth. The strategy to extend growth period with the goal of obtaining larger body parts at concomitantly satisfactory meat tenderness was more successful in the dual-purpose hybrids than in the HU. There are contradictory findings about the effects of age on meat tenderness. Janisch et al. [44] , as well as Poltowitz and Doktor [45] , reported higher shear force values for older compared with younger birds, whereas Poole et al. [46] did not find age-related differences. In addition, it remains to be determined whether the differences in the shear force in the HU were large enough to be recognized by consumers [47] . The LB meat had a slightly higher shear force, but again, it is unclear whether this would be realized by the consumers. Considering the more favorable water-holding capacity and the more favorable color, this illustrates that the quality of the meat from a layer hybrid chicken is comparable to that of the other hybrids.
In Switzerland, breast meat without skin is expected to contain 24.6 g protein, 72.7 g water, and 1.00 g total fat, per 100 g [48] . The values obtained in the present study were similar, with the exception of the lower IMF content. Owing to the increased activity of the chickens, a lower IMF content can be expected in chicken meat from free-range or organic production systems [40] . In addition, the slow-growing chicken hybrids recommended for organic production are likely to accrete less fat in the body than fast-growing broiler hybrids. Consistent with the present findings, Mikulski et al. [49] and Castellini et al. [50] also reported lower IMF contents (,10 g/kg breast meat) in slowgrowing broilers kept with outdoor access or under organic production conditions, respectively. Consistent with Lichovníková et al. [2] , the IMF content of the LB breast meat was also very low.
Effects of Extending the Growth Period for the Layer Hybrid to 18 wk
To account for the specific deficits in the carcass quality, prolonged growth of the LB layer males to a total of 18 wk was tested. This prolongation increased the BW at slaughter to 2fold values and the carcass weight to 2.4-fold values (P , 0.05) compared with 67 D of growth (Table 3 ). In the present study, the LB birds reached a BW of about 2 kg after 18 wk, which was similar to Gerken et al.'s (2003) findings [1] and may be also used for dissection [33] . The calculated increase in dressing percentage with prolonged growth (54.6, 57.3, and 63.4% at 67, 84, and 126 D, respectively) indicated a gradual improvement. Although the breast meat proportion and the breast meat thickness increased (P , 0.05) with prolonged growth, the carcass conformation was still unfavorable. Apart from the breast proportion, the leg proportion increased further (P , 0.05) with prolonged growth. The proportion of the valuable cuts (breast meat and legs) relative to the whole carcass was largest (P , 0.05) after 126 D of growth. This was probably because of the smaller (P , 0.05) wing proportion and the decrease in the bone proportion of the breast and legs, with a particularly long growth period [51] .
The shear force was the lowest (P , 0.05) for the LB birds grown for 126 D (220% from 84-126 D). This result contradicted the expectations, as a larger shear force is often set in the context of older birds [45] , based on the observation that the meat typically tends to become less tender with animal age, because of the formation of cross-links between the collagen molecules in the connective tissue [52]. These cross-links increase the resistance during shear, even in cooked meat, because of the cooking resistance of the cross-links [53] . Therefore, at the age of 18 wk, birds still appear to be young enough that their muscles have not developed the detrimental cross-link formation.
Similar to the skin, the meat was darker and redder, but it also was less yellow, with prolonged growth. Age on its own is an important factor that affects meat color. However, it must be determined whether the small differences in color affect consumer acceptance.
Although the carcass and meat quality of the layer males grown for 18 wk can be improved, a period this long is unlikely to be adopted by farmers. In addition, growth until this age can be critical, and further extension is not realistic, because cockerels then will reach puberty, spend time and energy fighting, and might get injured [54] . However, in the present experiment, we did not observe any severe injuries or death as a consequence of cockfights.
